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Abstract 
A comprehensive treatment to the fragment identification and statistics for the smoothed particle hydrodynamics (SPH) simu-
lation of hypervelocity impact is presented. Based on SPH method, combined with finite element method (FEM), the computa-
tion is performed. The fragments are identified by a new pre- and post-processing algorithm and then converted into a binary 
graph. The number of fragments and the attached SPH particles are determined by counting the quantity of connected domains on 
the binary graph. The size, velocity vector and mass of each fragment are calculated by the particles’ summation and weighted 
average. The dependence of this method on finite element edge length and simulation terminal time is discussed. An example of 
tungsten rods impacting steel plates is given for calibration. The computation results match experiments well and demonstrate the
effectiveness of this method. 
Keywords: impact; simulation; smoothed particle hydrodynamics; fragment; hypervelocity 
1. Introduction1
The term hypervelocity usually refers to velocities 
so high that the strength of materials upon impact is 
very small compared to inertial stresses. Thus, even 
metals would behave like fluids under hypervelocity 
impact. The hypervelocity phenomenon emerges with 
the impact speed of 5-6 km/s for aluminum, steel and 
quartz, etc[1]. In hypervelocity impact (HVI) materials 
always crack and spall because of high impact kinetic 
energy. Smoothed particle hydrodynamics (SPH) 
method is the most widely used one to simulate HVI. It 
was processed by Monaghan[2] and Benz[3], who are 
astrophysicists, in the 1970s. Then the application of 
this method is extent to dynamics in the 1980s. Liber-
sky[4-6] and Johnson[7-9], et al. have made outstanding 
contributions to the application of SPH to HVI prob-
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lems. 
After that a series of improvements has been made 
to SPH method and some drawbacks have been identi-
fied too. Swegle, et al.[10] identified the tensile instabil-
ity problem that may be important for impact problems.  
Morris[11] identified the particle inconsistency problem 
that may lead to poor accuracy in the solution.  
Monaghan[12-14] proposed symmetrization formulations 
that were reported to have better effects. Johnson, et 
al.[15] gave an axis symmetry normalization formula-
tion so that for velocity fields that yield constant val-
ues of normal velocity strains, the normal velocity 
strains can be exactly reproduced. Liu[16] presented the 
reproducing kernel particle method (RKPM) that can 
result in better accuracy in the particle approximation.  
Chen[17] proposed a corrective smoothed particle 
method (CSPM) which improves the simulation accu-
racy both inside the problem domain and around the 
boundary area. Randles, et al.[18] extended the stress 
point method to two-dimensional (2D) space to im-
prove the tensile instability and zero energy mode 
problems. Presently, SPH is a method that can simulate 
general HVI problems fairly well. 
Open access under CC BY-NC-ND license.
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There are also some significant improvements in 
impact fracture field recently. Setoodeh, et al. [19] used 
a three-dimensional (3D) elasticity-based approach 
coupled with layerwise laminated plate theory to con-
duct low velocity impact analyses of general fiber re-
inforced laminated composite plates. Das, et al.[20-21]
simulated the dynamic fracture phenomenon of rock 
with SPH method. Aktay, et al.[22] studied the finite 
element method (FEM)/SPH coupling technique for 
high velocity impact simulation.  
Since SPH method uses discrete particle group to 
model the continua, it is difficult to identify the edges 
of fragments in the debris. The quantity of fragments 
and the mass, size and velocity of a specific fragment 
are still unknown after the simulation. So the analysis 
referring to fragments is therefore difficult to do and 
there is hardly any published literature about this. 
In this article, a method of fragments identification 
and statistics for HVI SPH simulation is presented. It 
includes: identifying fragments in the HVI debris; 
counting the quantity of fragments; and computing the 
mass, size and velocity vector of each fragment. 
2. Fragment Identification 
Fig.1 shows the results of a typical HVI problem[23]
which we simulate with SPH method in LS-DYNA. In 
this case the spherical projectile diameter is 9.52 mm, 
the bumper thickness is 2.2 mm and the impact veloc-
ity is 6.64 km/s. The SPH particle distribution can be 
seen clearly in the local enlargement graph.  
Fig.1 HVI SPH simulation.
The fragment identification is to make certain which 
SPH particles constitute an independent fragment. Two 
points should be considered.  
First, in SPH simulation the stress between particles 
has positive correlation with the distances between 
them. Considering that the material will crack while 
the stress is larger than specific threshold, the material 
in the result debris may rupture if the particles have 
large distances between them. Accordingly these parti-
cles should not be the components of the same frag-
ment. Contrarily particles belonging to the same frag-
ment should be close enough to one another. 
Second, we should not judge two particles as be-
longing to the same fragment just because they are 
close to each other in the debris. Because in HVI ma-
terials usually flow over a large range, it is definitely 
possible that two particles are closed to each other af-
ter the impact while they are far from each other before 
the impact. The particles belonging to the same frag-
ment should therefore be close to one another before 
the impact.  
To summarize, the particles which can be judged as 
the components of the same fragment should be close 
enough to one another not only at the beginning (be-
fore the impact) but also at the final time (after the 
impact). More strict description of the fragment com-
ponents is introduced with set language:  
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where all the ni, np and nq are SPH particles, D0(np,nq)
is the distance between np and nq at the beginning time, 
Dt(np,nq) the distance between np and nq at the final 
time, “&” stands for logical “and”. Since the total 
amount of SPH particles is limited, Ain will be an 
empty set when n is larger than a certain integer. De-
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All the particles in Ai with the quantity always no 
less than 1 constitute a fragment, and this fragment 
contains only the particles in Ai.
The proximity analysis between particles is the key 
point to determine all the sets in Eq.(1). However, if 
we directly calculate the distances by twos to see 
whether each couple of nodes is close enough or not, 
the computation work will be too large to accept. So an 
easier way is needed.  
The most popular way of creating SPH model is to 
use particles to fill the predefined finite element (FE)  
mesh. After the filling a relation of “adjacency” is 
formed naturally — a specific particle’s adjacent parti-
cles are the ones which are the closest to it among all 
the other particles. Thus the adjacency is substituted 
for the proximity. It means at the beginning if two par-
ticles are adjacent to each other then they are close 
enough to each other. Although the adjacency is 
formed naturally and we can see it clearly, to list the 
adjacent particles for all the particles we still need to 
calculate the distances. Because SPH model only in-
cludes the list of particles’ coordinates in space and the 
mass of each particle, it does not have the topology (or 
node connectedness). Whereas if the FE mesh is kept 
and the SPH particles are created by a special filling 
technique then the node connectedness of FE mesh can 
be used to simplify the analysis of particle adjacencies 
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greatly. When the adjacency analysis is done, the 
proximity is known. This technique is illustrated with 
the sample case (see Fig.2). 
Fig.2 FEM and SPH conversion.
The first step is to create the FE mesh and to fill it 
with SPH particles. The modeling tool in the pre- and 
post-process software — LS-PREPOST — of LS-DYNA 
is used to create the hexahedron FE mesh of the 
spherical projectile and the bumper, and then save it as 
file A. FE meshes are deleted while SPH particles are 
created at each FE node location. The SPH particles 
are superposed with FE nodes and they have the same 
ID in the data file (data list). Meanwhile the mass of 
each SPH particle created is calculated with the ele-
ment volume and material density. The model is saved 
as file B. Here for an arbitrary element a in file A, as-
suming the nodes IDs of element a is a1-a8 (see 
Fig.2(a)), therefore in file B, there exist 8 SPH parti-
cles with the IDs a1-a8 and their coordinates are the 
same as nodes a1-a8 in file A respectively (see 
Fig.2(b)). The process above is implemented with 
SCRIPTO programming which is a secondary deve- 
lopment language of LS-PREPOST. 
FE model lists the elements along with 8 nodes be-
longing to each element. That is called the node con-
nectedness because if two nodes are in the same ele-
ment then they are connected to each other. Consider-
ing FE nodes and SPH particles have the coincided IDs 
and coordinates, this article does not distinguish be-
tween “node” and “particle” for simplicity. The parti-
cles belonging to the same element are therefore adja-
cent and close to one another at the beginning time. 
That two particles are adjacent to each other is equiva-
lent to that they commonly belong to a certain element. 
The second step is to simulate the impact problem. 
All the keywords needed are added to file B and the 
simulation is done by LS-DYNA. After the impact, the 
relative locations of the particles get changed (see 
Fig.2(c)) and the coordinates of particles at the final 
time can be extracted from the simulation result files. 
For the fragment identification, we need to do the 
adjacency analysis again after the impact simulation. 
We only need to check whether the adjacencies are 
broken at the final time. This will be the third step – 
reconfiguration. The coordinates of each particle at the 
final time are substituted for the coordinates of the 
particles at the beginning time in file A which has the 
same ID with the former one (see Fig.2(d)). Then it is 
saved as file Ac. Here Ac is FE mesh file whose nodes 
have the coordinates at the final time. 
The element shown in Fig.2 is just one with small 
deformation. Actually, after the reconfiguration the 
relative location of the 8 nodes may be much different 
from that at the beginning because of the large range of 
the material flowing in HVI. Therefore, many elements 
may not be regular hexahedron and always have mesh 
distortion and self-penetration (see Fig.3). With the 
volume at the beginning time and the final time, the 
volume strains are calculated to measure quantitatively 
the deformations. The volume strains of many ele-
ments may be larger than specific threshold and the 
volume may be negative. It means the materials in 
these elements have cracked and cannot maintain their 
shape. These elements are deleted from the model and 
we call this volume strain erosion. From the SPH as-
pect, the particles attached to the cracked elements 
were once adjacent to one another, now they encounter 
large stresses and separate in the impact. Accordingly 
the adjacencies of the particles are broken and they 
will not be close to one other anymore.  
Fig.3 Example of element with mesh distortion.
The 8 SPH particles in the same preserved element 
are adjacent and then close to one another both at the 
beginning time and the final time, so they belong to the 
same fragment. The proximity judgments in Eq.(1) can 
be transformed into 
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where ek is element with ID k,
ke
VH the volume strain of 
element k, and H0 the volume strain threshold. The 
formula means two particles belong to the same frag-
ment when they are attached to the same preserved 
element. 
At the beginning, all the particles are mathematically 
connected to one another. Due to the element elimina-
tion at the final time, the particles attached to the de-
leted elements lose their connectedness. Therefore the 
object is broken up into many connected domains and 
each independent connected domain is a fragment.  
As this method uses 8 particles as a group to do the 
adjacency analysis rather than calculate the distances 
by twos, it only identifies the “large” fragments that 
consist of 8 nodes or more, and the fragments’ sizes 
must be larger than element edge length. 
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In this article, the comparison of files A and Ac and
the computation of the element volume strain are im-
plemented with C++ programming. Based on the ex-
perience value of the fracture strain threshold of alu-
minum, H0 is set to 2.7. Fig.4 shows the identification 
results of the case in Fig.1. The local enlargement 
graph illustrates FE fragments. We can directly manu-
ally count how many fragments there are and measure 
the size of each fragment; however this will cost a lot 
of work. In the next section, an algorithm, which can 
be programmed and do the fragment statistics, is pre-
sented.
Fig.4 Fragment identification result.
3. Fragment Statistics 
The fragment statistics is to count the quantity of the 
fragments and to compute the size, mass and velocity 
vector of each fragment. The identification results spe-
cifically include reconfigured FE mesh with the pre-
served element list and the mass, as well as coordinates 
and velocity of each particle. 
As mentioned earlier we can count the connected 
domains to obtain the quantity of fragments. In this 
article, we use Eq.(2) as the basic principle and deter-
mine the elements and attached particles by the method 
of binary graph filling. A 2D example is introduced to 
illustrate the method. 
Fig.5(a) shows a simple element spatial distribution 
graph. It is clear that there are 6 fragments in the graph 
and they have different sizes and consist of different 
numbers of elements. A domain large enough to cover 
all the elements is created (see Fig.5(b)) and it is di-
vided into grids (also called pixels). The edge length of 
a grid is set to that of element which is assigned when 
FE mesh is created. We assume that there are 8u8 grids 
created in the example. At first all the pixels (grids) do 
not have color (color value is equal to “0”). Then the 
centroids of all elements are computed. One grid is 
colored grey (the color value is set to “1”) if the cen-
troids of some elements project into this grid. Thus a 
binary graph with all the pixels have the color value 
“0” or “1” is created. Since the binary graph is regular 
we can therefore create indices — i and j — for the 
grids (see Fig.5(c)). Moreover the grids and the num-
ber pair (i, j) have the one-to-one correspondence be-
tween them. So each grid is marked by the unique (i, j). 
Fig.5(d) shows the final status of the filled binary 
graph. Here element spatial distribution is equivalently 
converted into the distribution of “1” on the binary 
graph or technically into a 2D Boolean array. By this 
conversion the adjacencies are easy to obtain. For in-
stance the adjacent grids of (i, j) are (i1, j), (i+1, j), (i,
j1) and (i, j+1). Each grid is connected to its adjacent 
grid in the spatial sense. If a certain grid is “1”, then it 
is, in the material sense, connected to the grid with the 
color “1” among its adjacent grids and it is said that 
they belong to the same fragment. 
Fig.5 Binary graph filling.
The example uses a 2D problem to illustrate the 
process and significance of binary graph filling. How-
ever the real problem is a 3D one, then the binary 
graph created will be 3D and it corresponds to a 3D 
Boolean array. Therefore we can count the “1” con-
nected domain on the 3D binary graph instead of the 
fragments. 
A flowchart is given in Fig.6 to illustrate the statis-
tics on the binary graph. First, the quantity variable of 
fragments n is set to 0 and the flags of all the grids on 
the binary graph are set to 0 too. In the codes, flag=1 
means the elements and particles included in this grid 
already belong to certain fragment while flag=0 means 
those do not belong to any fragment. Second, the pro-
gram loops over i, j, k and iterates through all the row, 
column and page indices. The grid with the indices (i, j,
k) is named “index grid”. If the color of index grid is 1 
and the flag of index grid is not 1, then 1 is added to 
fragment quantity n; the elements and particles con-
tained in the index grid belong to fragment n; the flag 
of index grid is set to 1. If not then the program enters 
the next i, j, k iteration. Third, the program loops over 
all the adjacent grids of the index grid and pushes the 
grids with color 1 into the stack then enters the stack 
iteration. If the stack is empty then the program goes 
on to the next i, j, k iteration; if not then the grid on top 
of the stack is pulled out and it is assigned to “current 
grid”. If the flag of the current grid is 1, then the pro-
gram jumps back to the judgment of stack emptiness; 
if not then the elements and particles are contained by 
fragment n and the flag of current grid is set to 1. The 
grids with the color 1, which are adjacent to the current 
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grid, are pushed into the stack and the program jumps 
back to the judgment of the stack emptiness. The algo-
rithm terminates with the end of i, j, k loop. Finally n
will be the total quantity of the fragments and elements 
and particles belonging to each fragments are obtained 
at the same time.  
Fig.6 “1” connected domain counting algorithm.
Based on this, the size, mass and velocity vector can 
be calculated by summation and weighted average as 
follow: 
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where mi, ni, vi, ki, Li are the mass, number of particles 
contained, velocity vector, number of elements con-
tained and the size of fragment i respectively; miI and 
viI are the mass and velocity vector of the Ith SPH par-
ticle contained by fragment i; ViJ is the volume of the 
Jth element contained by fragment i. The momentum 
and kinetic energy of certain fragment can be easily 
calculated with the mass and velocity. The method is 
programmed using C++ and the statistics is done based 
on the identification result in Fig.2. The total quantity 
of “large” fragments generated by the impact is 246. 
Additionally the SPH particles (nodes) connected to 
the deleted elements are retained and they can be both 
shown and hidden. The retained elements are treated as 
the large fragments while the particles are treated as 
the small fragments.  
4. Parameter Dependence of Fragment Identifica-
tion and Statistics Method 
Using the methods presented in Section 2 and Sec-
tion 3 HVI fragments identification and statistics can 
be implemented; there are, however, two points may be 
questioned. First, although the methods are based on 
the dynamics and mechanics laws, element edge length 
G is set artificially when the model is created. This 
length determines the mesh density of elements and 
moreover the SPH particle density. It more or less in-
fluences the simulation and fragments analysis. Second, 
HVI is an evolution process and the fragment analysis 
methods are based on the simulation data of the termi-
nation time t. Thus different values of t may result in 
different fragment quantity. In this section the de-
pendence of the method on G and t are investigated by 
comparisons of cases of simulations. 
Quantities of fragments (QOF) with size L larger 
than Lc (a positive constant) when G takes different 
vlaue are listed in Table 1 and are illustrated in Fig.7. 
In Table 1, for example when G = 0.025 cm, the QOF 
with L>0.30 cm is 6 and the QOF with L>0.01 cm is 
246.
Table 1 QOF with L>Lc when G  takes different value
QOF 
Lc/cm G =
0.025
cm
G =
0.030
cm
G =
0.035
cm
G =
0.040
cm
G =
0.045 
cm 
G =
0.050 
cm 
G =
0.055 
cm 
G =
0.060
cm
G =
0.065
cm
0.30 6 5 5 5 4 7 6 5 2 
0.25 6 7 6 7 5 6 7 5 4 
0.20 10 12 12 10 11 12 8 7 5 
0.15 19 18 19 19 19 17 19 12 9 
0.10 36 38 35 37 27 24 29 34 19
0.05 130 156 127 93 60 44 38 34 19
0.01 246 158 128 93 60 44 38 34 19
Fig.7 QOF with L >Lc vs element edge length.
We notice that QOF with L>0.01 cm monotonically 
increases with the decrease of G while QOF with 
L > 0.05 cm increases and fluctuates. On the other hand, 
that QOF with L > 0.10-0.30 cm converges to certain 
values after the fluctuation. The underlined data in Table 
1 can be treated as convergence points. 
These results can be interpreted as follows. There 
are many small fragments generated in HVI process. 
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Now we focus on a certain location “P” in the material. 
We assume that following the physical law there 
should be many small fragments, the sizes of which are 
all smaller than a (cm). And assume that G =b (cm) 
when the model is created. If b>a, then element on the 
“P” location at the final time must have encountered 
large deformation and cannot maintain its shape then it 
would be deleted as the volume strain erosion. So there 
should be many fragments smaller than a, however 
with G =b there are no fragments. Generally speaking 
the simulation cannot generate fragments smaller than 
G. Now change G to bc (cm) and let bc< a, then after the 
impact also on the location “P”, fragments will emerge, 
the sizes of which are larger than bc and smaller than a.
Therefore in the fragment statistics part, the QOF will 
increase. For instance on condition that G <0.035 cm, 
QOF with L >0.10 cm does not change much with the 
decrease of G; contrarily QOF with L >0.05 cm still 
fluctuates and QOF with L>0.01 cm still increases. The 
underlined numbers show that the QOF larger than 
different sizes converge to different points. The 
convergence of the quantity of smaller fragments 
requires smaller G.
To sum up the computation of the QOF with L>Lc,
G =Lc/D is available, where D is a coefficient ranging 
from 2 to 5 according to the data in Table 1. Therefore 
to analyze the fragments, G can be chosen with refer-
ence to the accuracy requirement. The minimum G
used in this article is 0.025 cm and the corresponding 
computation almost reaches the limit of personal 
computer. Under this condition the analysis of frag-
ments larger than 0.10 cm is available while the con-
vergence of the quantity of smaller fragments requires 
further decrease of G. From another aspect with the 
current computation limitation the analysis of frag-
ments, which are larger than 1/10 of the projectile dia- 
meter, is available. 
The next part is to discuss the dependence of the 
QOF on the simulation termination time t. The case 
with G = 0.03 cm is used as an example.  
Fig.8 shows QOF with L>Lc at the simulation ter-
mination time t. QOF with all sizes increase and fluc-
tuate with the increase of t. QOF with L>0.10 cm has 
already converged, contrarily, QOF with L>0.01 cm 
has not, which means the QOF changes when  
Fig.8 QOF with L>Lc at different termination time.
0.01 cm<L<0.10 cm. This result is in agreement with 
the discussion in the previous part of the section: the 
analysis is available for fragments with size larger than 
0.10 cm, however for smaller ones, it is not accurate 
enough, so the QOF still fluctuates.  
To sum up, using the method presented in this article 
the general trend is to converge, and the analysis result 
is reasonable if element edge length is available for the 
accuracy requirement. 
5. Experimental Verification 
Nowadays with the hypervelocity experimental fa-
cilities, it is still difficult to obtain the quantities of 
fragments and the size, mass, velocity of each frag-
ments are even more difficult. Thus the method in this 
article is difficult to verify by HVI tests. However, 
Ref.[24] includes the experimental data of a case with 
the impact velocity of 1.02 km/s. This could be secon-
dary for verification. The projectile is a tungsten rod 
with the diameter of 17 mm, length of 68 mm and the 
steel bumper’s thickness is 25.4 mm. 
Fig.9 shows the curves of QOF with mass of frag-
ment M larger than Mc (a positive constant) vs M.
Three curves stand for two experiments with the same 
case and simulation results respectively. The simula-
tion and fragment analysis mach the experiments well. 
Considering the difference between the two experi-
ments, the error between the simulation and the ex-
periments is acceptable.  
Fig.9 QOF with M >Mc vs M.
Fig.10 shows a mixed vision of the debris behind the 
bumper, in which elements stand for large fragments 
and SPH particles stand for the fragments smaller than 
the element edge length. 
Fig.10  Tungsten rod impacting steel bumper.
The method presented in this article is the combina-
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tion of FEM with cube elements and SPH particles. 
Therefore any geometry that can be completely 
meshed with cube elements can be simulated with this 
method. However using the idea of this method FEM 
with tetrahedron elements can also be combined with 
SPH. Even geometries meshed with mixed types of 
elements can be used too. On the other hand, the parti-
cle algorithm used is not necessarily SPH method; 
other kinds of particle algorithm can be replaced. 
Therefore this method is very flexible and has no 
boundary or geometry limit. 
6. Conclusions 
A method of fragment identification and statistics 
for HVI SPH simulation is presented in this article. 
(1) Using FEM-SPH-FEM technique, the fragments 
are identified from the debris.  
(2) The quantity of fragments, and the size, mass, 
velocity of a specific fragment are computed with the 
statistics on the binary graph.  
(3) The dependence of the method on element edge 
length and simulation termination time is discussed. 
The general trend is to converge, and the analysis re-
sult is reasonable if element edge length is available 
for the accuracy requirement. 
(4) The method is verified by a high velocity impact 
problem. 
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